Neovascularization (NV) in the cornea is a major cause of vision impairment and corneal blindness. Hemangiogenesis and lymphangiogenesis induced by inflammation underlie the pathogenesis of corneal NV. The current mainstay treatment, corticosteroid, treats the inflammation associated with corneal NV, but is not satisfactory due to such side effects as cataract and the increase in intraocular pressure. It is imperative to develop a novel therapy that specifically targets the hemangiogenesis, lymphangiogenesis and inflammation pathways underlying corneal NV. Histone deacetylase inhibitors (HDACi) have been in clinical trials for cancer and other diseases. In particular, HDACi suberoylanilide hydroxamic acid (SAHA, vorinostat, Zolinza) has been approved by the FDA for the treatment of cutaneous T-cell lymphoma. The functional mechanism of SAHA in cancer and especially in corneal NV remains unclear. Here, we show that topical application of SAHA inhibits neovascularization in an alkaliburn corneal injury model. Mechanistically, SAHA inhibits corneal NV by repressing hemangiogenesis, inflammation pathways and previously overlooked lymphangiogenesis. Topical SAHA is well tolerated on the ocular surface. In addition, the potency of SAHA in corneal NV appears to be comparable to the current steroid therapy. SAHA may possess promising therapeutic potential in alkali-burn corneal injury and other inflammatory neovascularization disorders.
Introduction
Pathological angiogenesis has been implicated in numerous vascular diseases. The cornea is normally devoid of blood and lymphatic vessels, which is essential for good vision acuity.
Corneal neovascularization (NV) occurs in response to trauma, alkali burns, viral infection and keratoplasty, and leads to significant vision impairment and even blindness. 1 In response to inflammatory signals, hemangiogenesis and lymphangiogenesis, which involve the outgrowth of blood and lymphatic vessels, respectively, from the limbus into the avascular cornea, break down the "angiogenic privilege" of the cornea and underlie pathogenesis during corneal injury and repair. Angiogenic factors, including vascular endothelial growth factor (VEGF)-A, -C and -D, stimulate hemangiogenesis and lymphangiogenesis in the inflamed corneas through their receptors VEGFR2 and VEGFR3. 2 Cytokines secreted either from ocular resident cells or recruited inflammatory cells, including Tumor necrosis factor α (TNF-α), Interleukin-1 (IL-1), Interleukin-6 (IL-6) and VEGF, are involved in the pathogenesis and wound healing process of the inflamed cornea. 3 Current therapies, like steroid medication, laser photocoagulation and limbal transplantation, are not satisfactory because of their side effects and concerns about clinical safety. 4 A superior approach would specifically target the hemangiogenic, lymphangiogenic and inflammatory pathways that are critical for corneal NV.
Histone acetylation/deacetylation is a reversible process that is crucial for both developmental processes and disease states. 5 Histone deacetylases (HDACs) condense chromatin structure and regulate gene expression by removing the acetyl moiety from the lysine tails of histone and non-histone proteins. As a consequence, HDACs regulate multiple pathways critically involved in cell proliferation, migration, differentiation, and cell death. HDACs can be divided into four classes (Class I to IV), which exhibit different subcellular localization and catalytic activities. Broad-spectrum and class-specific HDAC inhibitors (HDACi) have been developed and investigated for therapeutic effects for cancer and numerous other disorders. 6 In particular, HDACi suberoylanilide hydroxamic acid (SAHA, marketed as vorinostat, brand name Zolinza) has been approved by the FDA for the treatment of cutaneous T-cell lymphoma. 7 SAHA contains a hydroxamic acid moiety that chelates the active zinc, a carbon linker, and a hydrophobic cap that blocks entrance to the active sites in target proteins. This enables it to target HDACs consisting of a tubular pocket, a zinc-binding site and two Asp-His charge-relay systems, therefore inhibiting HDAC activity. 8 Later studies show that non-histone proteins can be acetylated by HDAC inhibition, suggesting that HDAC inhibitor targets are broader than expected. 9 Besides their anticancer properties, HDACi such as SAHA have anti-angiogenic and anti-inflammatory properties, making them ideal candidates for diseases with excessive angiogenesis and inflammation. HDACi block tumor angiogenesis by repressing the expression of proangiogenic factors including hypoxia-inducible factor (HIF)-1α and VEGF. 10 In endothelial cells (EC), SAHA inhibited tube formation in Matrigel, while another HDAC inhibitor Trichostatin A (TSA) repressed VEGF-induced expression of VEGF receptors. 11 In addition, intravitreous injection of SAHA repressed oxygen-induced retinal NV and laserinduced choroidal NV in mice. 11b HDACi have also shown therapeutic potential in inflammatory disease animal models. 12 The mechanism of HDACi in inflammation is still controversial but seems to involve the regulation of inflammatory mediators, such as nitric oxide or cytokines, through transcription factor NF-κB. 13 In the ocular surface, TSA reduced inflammatory and fibrotic responses through repressing TGFβ signaling in an alkali-burn corneal injury model. 14 In spite of extensive studies, the mechanism of HDACi action, especially in angiogenesis and inflammation, is not fully understood. Further elucidation of HDACi functional mechanisms is essential for developing superior therapies or broadening the therapeutic window of the existing HDACi.
In this study, we provide evidence that topical application of SAHA inhibits alkali-burn induced corneal NV in vivo. Mechanistically, SAHA functions by inhibiting hemangiogenesis, lymphangiogenesis and inflammation in the cornea through regulating hemangiogenic, lymphangiogenic and inflammatory signaling pathways. The potency of SAHA in corneal NV appears to be at least comparable to the current steroid therapy. In addition, topical SAHA is safe on the ocular surface, without affecting corneal epithelial wound healing or corneal cell survival. We propose that SAHA may have great therapeutic potential in treating inflammatory corneal NV and other similar vascular disorders.
Results
Effect of topical SAHA on alkali-burn injury in the mouse cornea SAHA, as an FDA approved drug for cutaneous T-cell lymphoma, has been shown to be anti-angiogenic and anti-inflammatory by several studies. 11, 13, 15 To explore the therapeutic potential of SAHA on inflammatory corneal NV, an alkali-burn corneal injury mouse model was adopted to examine the effect of non-invasive topical SAHA on the neovascularization of mouse corneas. Clinical evaluation of the corneal opacity and neovessel size was performed as described 16 Alkali burn causes corneal epithelial damage and rapid induction of corneal NV. At day 7 after alkali injury, compared to the loss of transparency and significant corneal NV observed under surgery microscope in the saline control treated corneas, the corneas appeared transparent and corneal NV was inhibited when SAHA (10 µM) was applied topically three times a day (Fig. 1A, Supplemental Fig. 1A) . SAHA treatment at 5µM concentration also exhibited a repressive effect on corneal NV, although not as potent as 10µM SAHA (data not shown). A 14 day time-course quantification of corneal transparency and size of neovessels revealed significant improvement of corneal clarity and inhibition of neovessel growth upon SAHA treatment when compared to the saline control (Fig. 1B-C) . Although a repressive effect of SAHA on corneal opacity and neovessel growth was seen as early as 2 days after injury, a reversion of the corneal opacity and neovessel growth was not observed until after 4-5 days of SAHA treatment. After 8-9 days of SAHA treatment, corneal clarity was almost fully recovered and stabilized, and continuous neovessel regression was observed. By histology, at 1 day after alkali injury, although loss of corneal epithelium was observed in both saline and SAHA treated corneas, a reduction of inflammatory cell infiltration into the corneal stroma was observed upon SAHA treatment (Fig. 1D) . At day 3, corneal re-epithelialization and decreased inflammatory cell count was observed in both cases, but the cornea stroma appeared less swollen in the SAHA treated corneas compared to the controls, indicating reduced inflammation by SAHA (Supplemental Fig. 1B ). At 7 days after injury, corneal epithelium was disorganized in the control cornea. However, in the corneas treated with SAHA, the cornea and corneal epithelium appeared much thinner and phenotypically normal by histology, indicating a recovery of the corneas (Fig. 1D) . Moreover, neovessels were readily detectable in the middle region of saline-treated but not SAHA-treated corneas, which confirmed the inhibition of corneal NV by SAHA. Taken together, these results indicate that SAHA potently inhibits corneal NV induced by alkali-burn injury.
Inhibition of alkali burn-induced hemangiogenesis, lymphangiogenesis and inflammation by SAHA in vivo
To further characterize the corneal NV phenotype imposed by topical SAHA, neovessels and inflammatory cells in the cornea were stained and quantified at 7 days after alkali-burn injury and SAHA treatment. To distinguish hemangiogenesis and lymphangiogenesis in the cornea, whole mount staining of the corneal neovessels with PECAM-1 (platelet/endothelial cell adhesion molecule-1, a marker for blood ECs) and LYVE-1 (lymphatic vessel endothelial hyaluronic acid receptor-1, a marker for lymphatic vessels) were performed. As shown in Fig. 2A , alkali-burn injury induced significant hemangiogenesis by PECAM-1 staining and lymphangiogenesis by LYVE-1 staining. Topical SAHA treatment dramatically reduced hemangiogenesis and lymphangiogenesis induced by alkali-burn injury. Quantification analyses showed that SAHA reduced PECAM-1 + area by ~66% (249287±13440 µm 2 in saline treated corneas and 84821 ±3815 µm 2 in SAHA treated corneas, N=9) and LYVE-1 + area by ~65% (186413±10320 µm 2 in saline treated corneas and 64249±4175 µm 2 in SAHA treated corneas) (Fig. 2B-C) . These data illustrate that SAHA inhibits corneal hemangiogenesis and lymphangiogenesis in response to alkali-burn injury.
HDACi have also been shown to repress inflammation in several animal disease models. 12 Our histological analyses suggested that SAHA inhibits corneal inflammation in response to alkali burn injury (Fig. 1D) . To further characterize the effect of SAHA in corneal inflammation, macrophages infiltrated into the corneal stroma were stained with F4/80 antimacrophage antibody at 7 days after injury. F4/80 staining of the corneal sections revealed that extensive macrophage infiltration into the stroma at 7 days after alkali injury (Fig. 2D) . Topical SAHA treatment resulted in ~70% decrease in macrophage infiltration (Fig. 2E) . These results are consistent with a recent report that systemic administration of a different HDACi TSA reduced inflammation in the alkali-burned mouse cornea. 14 
Inhibition of angiogenic signaling pathways by SAHA
SAHA has been shown to inhibit tube formation and cell migration in ECs in Matrigel. 11b In addition, TSA was reported to repress VEGF-induced VEGFR1 and VEGFR2 expression at mRNA level. 11a As an FDA approved cancer drug, how SAHA regulates angiogenic signaling in ECs is still unclear. During angiogenesis, the binding of VEGF to its receptors induces the activation of several downstream kinases, including mitogen activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), and protein kinases C and D (PKC and PKD), which promote EC proliferation, migration and survival. 17 To explore the cellautonomous effect of SAHA on angiogenic signaling in ECs, human umbilical vein ECs (HUVEC) were treated with SAHA (10µM) for 24 hours, and tested for its effect on the activation of MAPK, PI3K, and PKC/PKD pathways in response to VEGF by Western blot analyses. We first tested the toxicity of SAHA in HUVECs using a dimethylthiazol tetrazolium bromide (MTT) assay. Treatment of HUVECs with SAHA at 5µM, 10µM, and 20µM for three days resulted in ~12%, ~17%, and 38% decrease in cell growth, respectively (Fig. 3A) . These indicate that SAHA at 5-10 µM is tolerated in HUVECs under normal culture conditions. SAHA at 10 µM was then used in the following experiments. Phosphorylation of VEGFR2, ERK1/2, PKC/PKD, and AKT was strongly induced after 20 minutes of VEGF treatment in HUVECs. SAHA treatment dramatically inhibited the VEGFR2, ERK1/2, PKD, and AKT phosphorylation in response to VEGF without affecting their total protein levels ( Fig. 3B and data not shown).
Class II HDACs have been shown to shuttle from the nucleus to the cytoplasm in response to VEGF, which is required for EC proliferation, migration and angiogenesis. 18 To further test whether SAHA represses VEGF-induced class II HDAC nuclear export, HUVECs were infected with adenovirus expressing FLAG-HDAC7 and treated with SAHA. HDAC7 subcellular localization in response to VEGF treatment was examined by staining with FLAG antibody. Starvation drove the shuttling of HDAC7 into the nucleus, a process which was reversed by VEGF treatment (Fig. 3C ). However, SAHA treatment inhibited the nuclear export of HDAC7 in response to VEGF. Taken together, these data suggest that SAHA functions in ECs by repressing PKC/PKD, MAPK, and PI3K pathways and Class II HDAC nucleocytoplasmic shuttling in response to angiogenic factors, providing a novel mechanism whereby SAHA functions in ECs.
Inhibition of lymphangiogenesis by SAHA in vitro
Our novel finding that SAHA inhibits lymphatic EC outgrowth in vivo ( Fig. 2A ) lead us to consider whether HDACi directly regulate lymphangiogenesis. To define a cell-autonomous role for SAHA in lymphangiogenesis, primary human lymphatic cells (LEC) were treated with SAHA, and tested for proliferation, migration and tube formation in Matrigel in vitro.
Again, we first tested the toxicity of SAHA in LECs by MTT assay. As shown in Fig. 4A , SAHA was tolerated in LECs, with about 75% survival at 1 day after SAHA treatment with a concentration up to 20µM. BrDU incorporation, scratch wound migration and in vitro Matrigel assays were then performed as described to test the effect of SAHA on LEC proliferation, migration, and tube formation in vitro. 19 Compared to the saline control, SAHA treatment significantly repressed the proliferation of LECs cultured in normal medium as revealed by BrDU incorporation (~30% repression) (Fig. 4B) . Moreover, SAHA dramatically inhibited LEC migration (~80% inhibition) after scratch wound (Fig. 4C,  Supplemental Fig. 2A ) and tube formation (~64% inhibition) as quantified by branch points in Matrigel in vitro (Fig. 4D, Supplemental Fig. 2B ). Of note, for the wound scratch assay, 1 µM of 5-fluouracil was used to block cell proliferation; therefore the effect of SAHA on migration was independent of its repression in cell proliferation. These results suggest that SAHA functions directly on lymphatic ECs to inhibit lymphangiogenesis.
Effect of topical SAHA on inflammatory gene expression in vivo
Our results showed that macrophage infiltration into the stroma was strongly inhibited by topical SAHA after alkali injury ( Fig. 2D-E) . To further confirm whether this phenomenon is associated with decreased inflammatory gene expression in alkali-burned cornea, realtime reverse transcription (RT) PCR was performed to examine the expression of proinflammatory and pro-angiogenic cytokines. IL-1β, IL-6, TNF-α, and VEGF expression was significantly upregulated by alkali-burn injury (data not shown). Compared to the saline control, SAHA application resulted in a dramatic inhibition of the expression of these genes at 3 days, which was further decreased to less than 5% of the controls at 7 days in the cornea after alkali-burn (Fig. 5A, Supplemental Fig. 3A) . Considering the ~70% repression of macrophage infiltration by SAHA (Fig. 2D) , these data suggest that SAHA inhibits both macrophage infiltration and the expression of inflammatory cytokines in the infiltrated macrophages. To further prove this hypothesis, we treated differentiated THP-1 monocytes with pro-inflammatory agent lipopolysaccharides (LPS) and tested the effect of SAHA on inflammatory gene expression in vitro. As shown by real-time RT-PCR, IL-1β, IL-6, TNF-α, and VEGF expression was induced by LPS, but was dramatically repressed at 24 hours after SAHA treatment (Fig. 5C , and data not shown). The NFκB pathway plays a key role in inflammation by regulating the expression of inflammatory cytokines. 20 In response to proinflammatory stimuli, NFκB translocates into the nucleus and activates the expression of its target genes including IL-1β, IL-6, TNF-α, and HIF1α, which can induce VEGF expression. To further dissect the mechanism by which SAHA inhibits inflammation, NFκB subcellular localization was visualized by NFκB staining after LPS and SAHA treatment. NFκB nuclear transport was rapidly induced by LPS in THP-1 cells in 15 minutes, and stronger nuclear staining was observed at 30 minutes and 1 hour, which was then gradually decreased at 4 hours (Supplemental Fig. 3B ). SAHA treatment only delayed NFκB nuclear transport induced by LPS at the 15 minute time point, and NFκB still translocated to the nucleus at 30 minutes, although less NFκB nuclear accumulation was observed at 4 hours post treatment. These results indicate that NFκB nuclear translocation is not a major mechanism for the effect of SAHA on inflammatory gene expression in THP-1 cells. IκBα degradation and NFκB p65 phosphorylation are required for NFκB nuclear translocation. No significant difference in IκBα degradation and NFκB p65 phosphorylation was observed in THP-1 cells after LPS and SAHA treatment (Supplemental Fig. 3C ), which is consistent with the result that NFκB subcellular localization induced by LPS is similar with or without SAHA treatment. We did, however, observed a repression of IκBα phosphorylation and elevation of histone H3 acetylation after SAHA treatment, indicating that SAHA is functional in THP-1 cells. Taken together, SAHA likely affects NFκB activity in the nucleus, rather than in the cytoplasm. To test this, chromatin immunoprecipitation (ChIP) experiments were performed to see whether the binding of NFκB to the promoters of its target genes was inhibited by SAHA. As shown by real-time PCR with promoter-specific primers (Fig. 5C) , SAHA repressed the binding of NFκB to IL-1β, IL-6, and TNF-α promoter, indicating that SAHA regulates inflammation by repressing the binding of NFκB to its downstream gene promoters.
Comparison of SAHA to steroid therapy and other HDAC inhibitors in corneal NV
Corticosteriods, such as dexamethasone, are the current clinical treatment for corneal NV. To directly compare the effect of SAHA in corneal NV to the current steroid therapy, corneas were treated with topical saline, 10µM SAHA or 0.1% dexamethasone eye drops (Alcon) three times a day after alkali-burn, and evaluated for corneal opacity and neovessel size for 14 consecutive days. The efficacy of SAHA was comparable to dexamethasone in repressing corneal NV as revealed by opacity and neovessel size scores (Fig. 6A-B) . In several time points during the course of the treatment, the effect of SAHA appeared significantly better than dexamethasone. To compare the efficacy of different HDAC inhibitors in corneal NV, SAHA was compared side-by-side with class II-specific HDAC inhibitor MC1568 and class I-specific HDAC inhibitor MGCD-0103 using the same molar concentration. SAHA, as a broad-spectrum HDACi, appeared to repress corneal NV more potently than MC1568 or MGCD-0103 after alkali-burn (Supplemental Fig. 4A-B) , suggesting that inhibition of both class I and class II HDACs is required for inhibiting corneal NV.
Safety profile of topical SAHA on the ocular surface
To study the safety profile of topical SAHA in the ocular surface, a corneal epithelium wound healing assay was performed. 21 For this, a central ~1.8mm 2 area of corneal epithelium was scraped off, and the de-epithelialized area of the cornea was measured by digital imaging after fluorescein staining at 8, 16, and 24 hours after wound. Normally, corneal re-epithelialization and recovery occurs at 24 hours after scraping. Topical application of SAHA at 10µM did not affect the process of recovery of the epithelium, suggesting topical SAHA is safe in the short-term on the ocular surface (Supplemental Fig.  5A ). To examine the long-term effect of SAHA on the ocular surface, SAHA was applied topically to the eye at 3 times a day for 7 days, and cell death in the cornea was stained by TUNEL assay. By histology, the corneas appeared normal after 7 days of topical SAHA treatment (Supplemental Fig. 5B ). Minimal cell death was observed in the corneal epithelium in the controls, likely reflecting the turnover of the corneal epithelium (Fig.  Supplemental Fig. 5C ). Importantly, SAHA treatment did not affect cell survival in the cornea. Taken together, these data show that topical SAHA does not affect corneal epithelial wound healing or corneal cell survival in vivo, suggesting that topical SAHA is safe on the ocular surface.
Discussion
Our data reveals that topical HDACi SAHA inhibits corneal NV in an alkali-burn corneal injury model. The action of SAHA reflects its specific inhibition of multiple pathogenic pathways critical for corneal NV, namely hemangiogenesis, lymphangiogenesis, and inflammation (Supplemental Fig. 6 ). The potency of SAHA at inhibiting corneal NV is comparable to the current steroid therapy. Moreover, topical SAHA appears to be safe on the ocular surface, not affecting corneal epithelial wound healing or corneal cell survival.
SAHA is an FDA approved drug for treatment of cutaneous T-cell lymphoma and is under clinical trials for numerous cancers. Our results that SAHA inhibits corneal NV are consistent with a recent report that SAHA represses oxygen-induced retinal NV and laserinduced choroidal NV in mice. 11b Consistently, another HDACi, TSA, was also shown to reduce inflammatory response in the ocular surface. 14 Our data extends these findings by showing that SAHA inhibits alkali-burn induced corneal NV by specifically repressing hemangiogenesis, lymphangiogenesis, and inflammation, which are the critical pathogenic pathways for corneal NV. The repression of corneal hemangiogenesis and lymphangiogenesis by SAHA was demonstrated by specific staining and quantification of blood and lymphatic vessels. Reduced inflammation in the cornea by topical SAHA was shown by histology, staining of infiltrated macrophages with F4/80 antibody, and expression profile of the pro-inflammatory cytokines. As a result, corneas treated with SAHA showed much improved recovery after alkali-burn injury, as demonstrated by time-course clinical assessment of the corneal opacity and neovessel size. Taken together, our data illustrates that SAHA is a multi-functional drug with potent therapeutic effects in inflammatory corneal NV.
HDACi TSA inhibits tumor angiogenesis by repressing HIF-1α and VEGF. 22 The mechanism whereby SAHA regulates angiogenic response in ECs remains unclear. TSA has been shown to inhibit VEGF receptors VEGFR1 and VEGFR2 at the mRNA level, as well as up-regulate the VEGF competitor semaphorin III protein. 11a Our results show that SAHA inhibits VEGF induced VEGFR2, PKC/PKD, ERK1/2, and AKT phosphorylation without affecting VEGFR2 protein level. The difference in VEGFR2 expression in our experiments may result from the difference in functional mechanisms between TSA and SAHA, posttranscriptional regulation of VEGFR2, and/or the experimental conditions. Since SAHA also up-regulates the expression of VEGF competitor semaphorin 3A protein and RNA level (Supplemental Fig. 7 ), 11a we speculate that the upregulation of semaphorin 3A may partially account for the repression of VEGF downstream signaling by SAHA. Activation of VEGF signaling through the PKC/PKD pathway results in the phosphorylation of class II HDACs and their shuttling from the nucleus to the cytoplasm. 18 Consistent with the downregulation of PKC/PKD signaling, the shuttling of HDAC7 from the nucleus to the cytoplasm in response to VEGF is also repressed by SAHA. The target proteins of SAHA that repress angiogenic pathways in ECs remain unclear.
Lymphangiogenesis is required for the spreading of immune cells and tumor cells, and therefore involved in the pathogenesis of many diseases. 23 Inflammatory conditions in the cornea caused by chemical burns or herpes infection, and surgical procedures such as penetrating keratoplasty, can lead to both hemangiogenesis and lymphangiogenesis. 24 These inflammation-associated processes compromise corneal transparency and can lead to corneal blindness. Outgrowth of lymphatic vessels is primarily triggered by growth factors VEGF-C and -D and their receptor VEGFR3. 25 The role of HDACs and HDACi SAHA in lymphangiogenesis is not yet known. We show that SAHA inhibits lymphatic EC proliferation, migration, tube formation in vitro, and lymphangiogenesis in vivo, suggesting that HDACs play an important role in lymphangiogenesis. It is likely that the repression of inflammation by SAHA in our alkali-burn model is partially attributed to the inhibition of lymphangiogenesis. The identification of SAHA as an inhibitor of lymphangiogenesis may have implications in other diseases, such as corneal transplantation and tumor metastasis. Future studies are warranted to dissect the exact mechanism of HDAC and HDACi function in lymphangiogenesis.
SAHA also functions on inflammatory cells to regulate inflammatory response. Our in vitro results reveal that SAHA does not affect NFκB degradation, NFκB p65 phosphorylation, or NFκB nuclear translocation in THP-1 macrophage in response to LPS stimulation. However, SAHA does repress the binding of NFκB to the promoters of its target genes. In a recent report, SAHA was shown to suppress LPS-induced NFκB p65 nuclear accumulation in THP-1 cells. 26 The difference between our experiments likely reflects the difference in SAHA concentration, since the effect of SAHA might be cell-type and concentration dependent. NFκB has been shown to be a central regulator of immune response. 27 Activation of NFκB induces the expression of many inflammatory cytokines. SAHA inhibits the binding of NFκB to the promoters of its target genes, thereby repressing the expression of IL-1β, IL-6, TNF-α, and VEGF, which accounts for the repression of inflammation after alkali-burn injury.
Corneal NV induced by trauma, chemical burn, viral infection, and surgical keratoplasty is one of the major causes of vision impairment and corneal blindness. Alkali-burn injury produces extensive damage to the corneal epithelium and the anterior segment of the eye. This triggers a series of events, such as inflammation, hemangiogenesis, and lymphangiogenesis, which leads to corneal damage and repair response. Unlike the current steroid drugs that function as a non-specific inhibitor for inflammation, SAHA specifically inhibits multiple pathogenic mechanisms of corneal NV, namely hemangiogenesis, lymphangiogenesis, and inflammation. Direct comparison of SAHA to the current clinical drug dexamethasone indicates that, with regard to efficacy, topical SAHA is at least comparable to dexamethasone eye drops in repressing corneal NV. In our study, topical SAHA appears to be safe on the ocular surface, not affecting corneal epithelial wound healing or corneal cell survival. Furthermore, topical application of drugs like SAHA represents an ideal route for drug delivery to the cornea due to its non-invasive treatment method and minimal adverse systemic side effects. Therefore, topical SAHA appears to be a viable therapeutic option for corneal NV and potentially other disorders with inflammatory NV. Nevertheless, further work is needed to compare the long-term effects of SAHA with current clinical drugs, especially regarding the potential side effects in cataract and increased intraocular pressure. Further optimization in formulation and delivery is also warranted to develop SAHA into a drug superior to the current steroid agents.
Materials and Methods

Animals
C57BL/6 or 129/Sv strain male mice (8 to 10 weeks of age) were used for the study. The animal studies were conducted in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Alkali-burn Corneal Injury and SAHA Treatment
Alkali-burn corneal injury was performed as described. 28 Briefly, mice were anesthetized with intraperitoneal injection of ketamine (40mg/kg) and Xylazine (10mg/kg). Topical application of 0.5% Proparacaine Hydrochloride (Alcon Laboratories, Fort Worth, TX) was placed on their corneal surfaces. A piece of round filter paper (Whatman 1, Whatman International Ltd, diameter at ~2mm) soaked in 1N NaOH was applied on the central cornea of the right eyes for 30 seconds under a surgical microscope. The area of acute alkali-burn was approximately 2×2mm. The eyes were immediately rinsed with 20ml 0.9% sterile saline solution. Stock solution of SAHA (Cayman Chemical), MC1568 (Selleck Chemicals), or MGCD0103 (Selleck Chemicals) was made at 100mM in dimethyl sulfoxide (DMSO), and diluted to 10µM in balanced salt solution (BSS) for use. The final DMSO concentration in the solution was less than 0.1%. Dexamethasone (0.1%) eye drops were purchased from Alcon Lab. SAHA was applied topically on the cornea of the mice three times a day for 7 or 14 days immediately after corneal injury. Topical antibiotic ointment was applied to the eyes after surgery. Saline with equivalent concentration of DMSO was included as controls for treatment.
Clinical Assessment of Corneal NV
Clinical assessment of corneal NV was performed as described. 16 The development of corneal NV was observed on a daily basis under stereoscopic microscope in a blinded fashion for 7-14 days. A scoring system was used to evaluate corneal opacity and neovessel size. Corneal opacity was scored on a scale of 0-4 (0 = completely clear; 1 = slightly hazy, iris and pupils easily visible; 2 = slightly opaque, iris and pupils still detectable; 3 = opaque, pupils hardly detectable; and 4 = completely opaque with no view of the pupils). Neovessel size was scored on a scale of 0-3 (0 = no vessel; 1 = vessels detectable under a surgical microscope; 2= vessels easily seen under a surgical microscope and 3 =vessels easily seen near the center of the cornea under a surgical microscope). The scores by two masked observers were added, and the final score was the average of the two. Photographs were taken at 7 days after treatment using a Canon A650 digital camera attached to the surgical microscope.
Histology and Immunohistochemistry
Histology and immunohistochemistry were performed as described. 29 Eyes were removed at 7 days after treatment, and fixed in 4% paraformaldehyde at 4°C for 1 hour. The corneas were excised, washed in PBS, and processed for whole mount immunostaining. For frozen section, the cornea was embedded in optimal cutting temperature (OCT) compound (Sakura Finetek Inc, Torrance), and cut into 8 µm sections. Primary antibodies used include: rat anti-PECAM-1 (1:100, BD Pharmingen), rabbit anti-LYVE-1(1:500, Abcam), and rat anti-mouse F4/80 (1:200, a gift from Dr. Philip Thorpe at UT Southwestern Medical Center). AlexaFluor 488 conjugated goat anti-rat IgG and Alexa-Fluor 590 conjugated goat anti-rabbit IgG (1:800, Invitrogen) were used as secondary antibodies. Corneal cell death was detected using a TUNEL assay kit from Roche. Digital images were taken using a Zeiss Axio Observer D1 inverted microscope with cold black/white camera and color camera. PECAM-1, LYVE-1, and F4/80 positive areas were quantified using a free Image J program (NIH, USA).
Cell culture, Immunocytochemistry, Western blot, RNA analyses and ChIP assays
HUVECs (Lonza) were cultured as described. 29 Human adult dermal lymphatic microvascular ECs (Lonza) were cultured using medium from an EGM2 MV Bullet kit. Lymphatic EC proliferation and migration assays were performed as described. 19 Adenovirus expressing FLAG-tagged HDAC7 was infected into HUVECs as described. 18a For the treatments, ECs were treated with SAHA for 24 hours, starved overnight, and treated with VEGF for indicated times before they were used for staining, protein, or RNA analyses. The toxicity of SAHA on ECs was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich). Human monocytic cell line THP-1 (ATCC) cells were cultured in IMDM medium supplemented with FBS, Sodium pyruvate, L-glutamine, non-essential amino acids and 2-mercaptoethanol. THP-1 cells were differentiated into macrophage by treating with 10 ng/ml PMA (Sigma-Adrich), and then with SAHA and LPS before used for NFκB staining. Antibodies used include FLAG (monoclonal; Sigma-Aldrich), IκBα (1:1000, Cell Signaling), Phospho-IκBα (1:1000, Cell Signaling), Phospho-p65 (1:1000 Millipore), Acetyl-Histone H3 (1:1000, Upstate), VEGFR2 (1:1000, Cell signaling), Phospho-VEGFR2 (1:1000, Cell signaling), ERK1/2 (1:1000, Cell signaling), Phospho-ERK1/2 (1:1000, Cell signaling), AKT (1:1000, Cell signaling), Phospho-AKT (1: 1000, Cell signaling), Phospho-PKD1 (1:1000, Cell Signaling), PKD1 (1:1000, Cell Signaling), semaphoring (SEMA) 3A (1: 1000, Abcam) and GAPDH (1:5000, Polyclonal, Abcam). Primers for real-time PCRs include, mouse β-actin, 5'-GAGATTACTGCtCTGGCTCCTA-3' and 5'-TCATCGTACTCCTGCTTGCTGAT-3'; mouse IL-1β, 5'-TCCAGGATGAGGACATGAGCAC-3' and 5'-GAACGTCACACACCAGC AGGTTA-3'; mouse IL-6, 5'-GCTACCAAACTGGATATAATCAGGA-3' and 5' CCAGGTAGCTATGGTACTCCAGAA-3'; mouse TNF-α, 5'-CCCTCACACTCAGATCATCTTCT-3' and "5-GCTACGACGTGGGCTACAG-3'; mouse VEGF-A, 5'-GGAGATCCTTCGAGGAGCACTT-3' and 5'-GGCGATTTAGCAGCAGATATAAG AA-3'. Human primers used for real-time PCR include, IL-1β, 5' -GGACAAGCTGAGGAAGATGC-3' and 5' -TCGTTATCCCATGTGTCG AA -3'; IL-6, 5' -CACACAGACAGCCACTCACC-3' and 5' -TTTTCTGCCAGTGCCTCTTT-3'; VEGF-A, 5' -AGTGTGTGCCCACTGAGGA-3' and 5' -GGTGAGGTTTGATCCGCATA-3'; SEMA 3A, 5'-TGCCAAGGCTGAAATTA-3' and 5'-CCTACTCCGTTCCTCAT-3'; TNFα' 5' -AACCTCCTCTCTGCCATCAA-3' and 5-GGAAGACCCCTCCCAGATAG-3'; CyclophilinA 5' -CCCGTGTTCTTCGACAT-3' and 5' -CCAGTGCTCAGAGCACGAAA-3'.
ChIP assay was performed according to manufacturer's protocol (Millipore). In brief, 1×10 6 THP-1 cells were fixed with 1% formaldehyde for 10min at room temperature. The cells were then washed twice with PBS and collected by scraping and centrifugation. Collected cells were resuspended in the SDS Lysis Buffer containing 1× Protease Inhibitor Cocktail. DNA was sheared by sonication with 4 set of 10-second pulses using Fisher Scientific Ultrasonic Dismembrator Model 150T set to 50% of maximum amplitude. The sheared and crosslinked chromatin was precleared with Protein G Agarose for 1 hour at 4°C prior to adding 10µg of ChIP grade antibody for NFkB p65 (RelA) (Millipore). As a positive control, 10 µg of Anti-RNA Polymerase II antibody was used (Millipore). After overnight incubation at 4°C, the samples were then incubated for 1hour with Protein G Agarose at 4°C followed by collecting the beads by centrifugation and washing with the manufacturer's supplied buffers. Elution of protein/DNA complexes was performed by incubating samples at room temperature for 15min in Elution Buffer (1% SDS, 0.1M NaHCO 3 ). The samples were incubated for 4hours at 65°C after adding NaCl to final concentration of 0.2M to reverse crosslink, which was followed by RNase digestion for 30min at 37°C and Proteinase K digestion for 1 hour at 45°C. Freed DNA was purified by the Spin Filter purification system supplied by manufacturer. ChIP samples were analyzed using Real-Time quantitative PCR with following parameters: 1) initial denaturation at 94°C for 10min, 2) denaturation at 94°C for 20sec, 3) anneal and extension at 60°C for 1min. Steps 2-3 were repeated 50 times. Control primer for GAPDH promoter was supplied by the manufacturer, primers to amplify p65 binding region in the promoter region of NFκB target genes were as follows, IL6 5' -GCTAGCCTCAATGACGACCT-3' and 5' -GCCTCAGACATCTCCAGTCC-3'; TNFα, 5' -GCTTCCTCCAGATGAGCTT-3' and 5' -TGCTGTCCTTGCTGAGGGA-3'; IL1β, 5' -TCCCTCCCTTAGTGCCAACTATGT-3' and 5' -ACAGTCTCCACAGTTCTGCCATGT -3'.
Corneal Epithelial Wound Healing Assay
Corneal wound healing assay was performed as described to test the safety of SAHA on the ocular surface. 21 To do so, mice were anesthetized, and the central 1.8-mm 2 area of corneal epithelium was scraped off using 1.5-mm diameter trephine. SAHA (10µM) or Saline control was applied topically to the eye for 3 times in a 12 hour period. Digital images of the corneas were taken after topical application of Fluorescein and washing with PBS to measure the corneal re-epitheliliazation at 8, 16, and 24 hours after treatment. The epithelial defect area was calculated and quantified using the Image J program. Inhibition of angiogenic pathways by SAHA in ECs. (A). Toxicity test of SAHA in ECs. HUVECs were treated with SAHA at 5µM, 10µM and 20µM for 3 days, and the cell growth was assessed by MTT assay. **P<0.005, ***P<0.001. (B). Inhibition of angiogenic pathways by SAHA in ECs. HUVECs were treated with 10 µM SAHA for 24 hours, starved in 0.1% FBS, and treated with VEGF for 20 minutes. The expression of the total and phosphorylated VEGFR2, AKT and ERK1/2 proteins was shown after Western blot analyses. (C). Inhibition of VEGF-induced HDAC7 nuclear export by SAHA in ECs. HUVECs were infected with adenovirus expressing FLAG tagged HDAC7, treated with 10 µM for 24 hours, starved in 0.1% FBS, and treated with VEGF for 4 hours. HDAC7 subcellular localization was determined by FLAG (green) and DAPI (blue) co-staining.
